Formation of a stable decagonal quasicrystalline Al-Pd-Mn surface layer 
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We report the in situ formation of an ordered equilibrium decagonal Al-Pd-Mn quasicrystal 
overlayer on the 5-fold symmetric surface of an icosahedral Al-Pd-Mn monogram. The decagonal 
structure of the epilayer is evidenced by x-ray photoelectron diffraction, low-energy electron diffrac- 
tion and electron backscatter diffraction. This overlayer is also characterized by a reduced density 
of states near the Fermi edge as expected for quasicrystals. This is the first time that a millimeter- 
size surface of the stable decagonal Al-Pd-Mn is obtained, studied and compared to its icosahedral 
counterpart. 
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Quasicrystals are exceptional in many aspects. They 
emerged from the rather complex Al-Mn phase diagram 
at the beginning of the 80's IT). Their structure is in- 
fringing the classic rules of crystallography: they are non 
periodic, but long-range ordered, and they include for- 
bidden symmetry axes such as five- fold (5/), 8/, 10/ 
or 12/, depending on the alloy M. Furthermore, the 
electronic structure of quasicrystals is quite unexpected. 
The electrical resistivity is a thousand times higher than 
their constituents, metals, and inversely proportional to 
temperature [pf . Despite the lack of periodicity a band- 
like behavior is observed in the electronic structure [0,0 . 
Quasicrystals also exhibit properties which are directly 
attractive for applications, such as low friction, low ad- 
hesion or increased hardness Q. 

Even today, producing quasicrystals, and especially 
monograin samples of stable phases, remains a challenge. 
In that sense, one of the most fruitful systems is Al- 
Pd-Mn. In 1990, Tsai et al. discovered a first sta- 
ble icosahedral (i) quasicrystal (i-Al7oPd2oMnio) in the 
ternary Al-Pd-Mn system M. It is possible to produce 
high-quality large monograins of this alloy. This facili- 
tates experiments, such as neutron or x-ray diffraction, 
or surface experiments, to be performed on quasicrys- 
tals. A stable, decagonal (d) Al-Pd-Mn quasicrystal was 
found by Beeli, Nissen and Robadey M. It exists only 
in a very narrow area in the phase diagram B. There- 
fore, it is difficult to obtain a single-phase specimen with 
high quality of the decagonal structure. Interestingly, a 
decagonal quasicrystal with high structural quality can 
be obtained by annealing rapidly quenched tapes of an 
Al69.gPdi2.iMni8.i alloy, which contains a metastable 
icosahedral phase, but has the equilibrium composition of 
the decagonal phase M . Thus the icosahedral long-range 
order is coherently transformed into decagonal long-range 
order. Furthermore, single-grain samples can only be 
produced by non-equilibrium processes via metastable 
reactions, and, generally, only by chance single grains 



with diameters of 0.1 mm are produced. Nevertheless, 
Al-Pd-Mn has the only known phase diagram containing 
two stable quasicrystalline phases, the icosahedral and 
the decagonal. 

Until now, many surface experiments have been re- 
ported on monograin i-Al-Pd-Mn. Clean surfaces are 
prepared either by fracturing |10|-|l2| or by ion sput- 
tering, and by annealing. Composition changes are 
induced by preferential sputtering of the lightest ele- 
ments, or by thermal diffusion. For annealing tem- 
peratures lower than 400°C subsequent or simultaneous 
to sputtering, a crystalline phase with cubic domains 
(Al 55 Pd4oMn 5 ) ]l^-[rq] or a metastable decagonal qua- 
sicrystalline (Al 2 2Pd56Mn 2 2) phase [|9| was observed, re- 
spectively. Further annealing of these surfaces at temper- 
atures between approximately 450° and 650°C restores a 
bulk-terminated icosahedral surface and a bulklike com- 
position. Such surfaces are characterized by a reduced 
density of states close to the Fermi level (Ep), in con- 
trast to usual metallic surfaces P,O,ttq,O,E0[ . Anneal- 
ing at higher temperatures produces either Pd or Mn 
enrichment of the surface, probably depending on the 
initial bulk composition. An irreversible precipitation 
of secondary phases is even reported plj . The Pd-rich 
surfaces Al >66 Pd 3 2Mn <2 (M^ or Al 50 Pd 4 9Mni (l|] 
were interpreted as cubic with domains and the Mn- 
rich AlysPdgMnig surface |g3[ as corresponding to the 
crystalline orthorhombic AI3M1L Both, low- and high- 
temperature crystalline phases are epitactically grown on 
the substrate and rather ordered. 

In this work, we produce for the first time a large sur- 
face of the stable decagonal quasicrystalline d- Al-Pd-Mn. 
The 10/-symmetric surface of the stable d-Al-Pd-Mn is 
epitactically grown as a single-domain overlayer on the 
5/-symmetric i- Al-Pd-Mn, with the 10/ axis of the over- 
layer parallel to the 5/ axis of the substrate. The Mn- 
rich decagonal overlayer is produced in situ by sputtering 
and annealing the 5/ z-Al-Pd-Mn at about 650°C. The 



results on geometrical (Fig. 1) and electronic structure 
(Fig. 2), obtained with low-energy electron diffraction 
(LEED), x-ray photoelectron diffraction (XPD), electron 
backscatter diffraction (EBSD) and ultraviolet photoe- 
mission (UPS), clearly demonstrate that both the icosa- 
hedral surface and the epitactically grown decagonal 
overlayer can be identified with the corresponding sta- 
ble bulk phases. 

The photoemission experiments were performed in a 
VG ESCALAB Mk II spectrometer with a base pressure 
in the 10~ n mbar range. The sample stage is modified 
for motorized sequential angle-scanning data acquisition 
over the full solid angle |24f| . MgK a radiation (hv=1253.6 
eV) was used for x-ray photoelectron spectroscopy (XPS) 
in order to check the cleanliness of the sample and to de- 
termine the composition |2q| within the probing depth 
(mean free path of photoelcctrons ~ 20 A) . XPD served 
to study the geometrical structure of the surface P6| . 
In angle-scanned XPD, the intensity variations of pho- 
tocmittcd core-level electrons are recorded as a function 
of emission angle and stereographically projected in a 
greyscaled map. For kinetic energies >500 eV, photo- 
electrons leaving the emitter atom are strongly focused 
in the forward direction by neighboring atom potentials 
pq |. So, the intensity is enhanced along densely packed 
atomic rows or planes. Thus, XPD evidences the average 
local order around a selected chemical species. UPS mea- 
surements are performed with monochromatized He la 
radiation (21.2 eV) Effl. The energy resolution of the 
analyzer for the UPS measurements was set to 30 meV. 
All measurements are performed at room temperature. 

The symmetry and orientation of substrate and layer 
were verified ex situ by EBSD p8|. EBSD patterns 
were recorded using a standard SEM CamScan CS44LB, 
equipped with a 50 mm diameter area detector (scintilla- 
tor and high sensitivity TV camera) placed parallel to the 
incident beam. Diffraction patterns are formed from the 
spatial intensity distribution of backscattered electrons, 
which arc induced by a focused stationary electron beam 
(15 kV, 3nA). The sample surface is tilted 70° against the 
beam towards the detector. The spatial resolution is in 
the range of some tenth of a micrometer and anisotropic 
due to the 70° tilt. Bands of higher intensity arise be- 
tween pairs of pseudo-Kikuchi lines, the center of which 
marks the projection of diffracting symmetry planes onto 
the detector screen. These bands are detected in digitized 
EBSD patterns by image processing using a Hough trans- 
form Q. The software OIM2.0 (TSL Inc.) was modi- 
fied by us incorporating quasicrystallography, so that the 
model pattern could be recalculated which fits best with 
the detected diffraction bands for EBSD patterns of any 
orientation and symmetry. 

The i-Al-Pd-Mn quasicrystal ingot was grown using 
the Bridgman method [ p0[ . Its bulk composition was de- 
termined to be Al71.gPd19.6Mn8. 6- The sample was an 
1.3 mm thick disk with a diameter of 8 mm. It was ori- 



ented perpendicular to a 5/ symmetry axis within 0.25° 
and polished with diamond paste and colloidal silica. 
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FIG. 1. LEED patterns taken at 60 eV (high intensity in 
black) from a monogram i-Al-Pd-Mn cut perpendicularly to a 
5/-symmetry axis: (a) the bulk-terminated icosahedral qua- 
sicrystalline i-Ale8Pd26Mn6 surface obtained after sputtering 
and annealing at 550° C; (b) the stable decagonal quasicrys- 
talline d-AhePdnMnis overlayer obtained after sputtering 
and annealing at 650°C. XPD patterns of Pd 3ds/2 (Ekm 
= 915 eV, high intensity in white) with indicated normal 
emission (+), grazing emission (outer circle), 2/- (ellipse), 
3/- (triangle), 5/ (pentagon) -symmetry axes, taken from, 
(c), the icosahedral surface described in (a); and, (d), the 
decagonal surface described in (b). EBSD patterns (high in- 
tensity in white; sample normal (+)) taken from, (e), the 
icosahedral surface described in (a); and, (f), the decagonal 
surface described in (b). Projections generated by a pat- 
tern recognition procedure, with indicated 2/-, 3/-, 5/- (as 
above), 10/ (decagon) -symmetry axes, and 2/- (solid thick 
line), 5/ (dashed thick line) -symmetry planes, (g) identify- 
ing (e) as quasicrystalline icosahedral; (h) identifying (f) as 
quasicrystalline decagonal, with additional 1st order rhombo- 
hedral planes (thin solid lines). 



For the preparation of the icosahedral surface, sput- 
tering and annealing to 550°C resulted in XPS compo- 



sitions of A^Pd-iiMne and Al6sPd26Mng, respectively. 
However, for annealing temperatures of 650°C, the sur- 
face becomes decagonal with a modified composition of 
Al76PdnMni3. In contrast to a metastable decagonal 
phase Al 2 2Pd 56 Mn22 (an icosahedral surface is recovered 
after annealing above 400°C, Ref. |19|), the composi- 
tion is, in our case, compatible with the stable decago- 
nal quasicrystal composition (Al 6g . 8 Pdi2.iMni8.i) M. In 
addition, the decagonal overlayer, once created, remains 
stable up to 700°C. After 15 to 30 min sputtering the 
decagonal surface, the composition is AlgePdisMnig and 
a 5 min annealing at 650°C is sufficient to recover the 
decagonal surface. In contrast, typically 5h of sputter- 
ing followed by annealing at 550°C are necessary to re- 
cover the icosahedral bulk-terminated surface. There- 
fore, transformation from the decagonal back to the 
icosahedral surface is also possible. 

Figure 1 displays the experimental data comparing the 
geometrical structure of the icosahedral bulk-terminated 
surface, and of the stable decagonal overlayer, measured 
with LEED, XPD and EBSD. The bulk-terminated icosa- 
hedral surface is characterised by a 5/ LEED pattern 
(Fig. 1(a)), while the LEED picture of the decagonal 
overlayer (Fig. 1(b)) is 10/ symmetric. This latter dis- 
plays four rings of ten fine spots. The relationship be- 
tween the radii of these four rings is proportional to the 
golden mean r, confirming a quasicrystalline ordering of 
the overlayer. LEED spots are visible over a wide range 
of energies (12-140 eV). This indicates the long-range 
lateral ordering of the overlayer 10/ surface, compati- 
ble with a stable decagonal quasicrystalline phase. Note, 
that this pattern drastically differs from the one taken 
from the low- and high-temperature pseudo-10/ surface 
with crystalline domains p3|,p^,^8p2[ . Decagonal LEED 
patterns have been obtained from the d-Al-Ni-Co |3l|] . 

The Pd 3g?5/2 XPD pattern of the bulk-terminated 5/ 
surface is shown in Fig. 1(c). The main high- intensity 
spots can be easily identified with the 2/-, 3/- and 5/- 
symmetry axes of the icosahedral group projected stere- 
ographically (lj|jj],|32|,g2| , with a 5/-symmetry axis in 
the center (normal emission). These experimental pat- 
terns can be reproduced by single-scattering cluster cal- 
culations using clusters as inferred from structural mod- 
els of the i-Al-Pd-Mn phase, confirming that the near 
surface region is quasicrystalline |g^]. So we conclude 
that the average local environment around the Pd emit- 
ter atoms is icosahedral (idem for Al and Mn, not shown 
p2[). In contrast, Fig. 1(d) displays the XPD pattern 
of the Mn-rich stable decagonal overlayer, with an evi- 
dent overall 10/ symmetry and a central 10/-symmetry 
axis. Here, three rings of equivalent intense spots re- 
places the alternation of spots identified as 2/-, 3/- and 
5/-symmetry axes in Fig. 1(c). This clearly indicates 
an average short-range decagonal ordering of the over- 
layer. Strong epitactic-like relationships exist between 
the icosahedral bulk and the decagonal overlayer. The 



decagonal XPD pattern resembles the XPD |3^] and sec- 
ondary electron imaging (SEI) [B4| patterns taken from 
d-Al-Ni-Co. Note that the SEI pattern of the decagonal 
metastable Al22Pd5gMn22 overlayer resembles the sput- 
tered d-Al-Ni-Co surfac e pL The XPD patterns of Pd- 
rich pseudo-10/ surface |14| , |22| and of sputtered d-Al-Ni- 
Co surface p3| were both interpreted as crystalline with 
bcc domains. 

Figures l(e-f) show the EBSD results obtained ex situ 
from the icosahedral and decagonal phase created on 5/ 
i-Al-Pd-Mn sample. The EBSD pattern presented in 
Fig. 1 (e) is identified as corresponding to icosahedral 
phase (Fig. 1(g)) with a 5/-symmetry axis coinciding 
with the sample normal (marked by +). Further 2/- and 
3/-symmetry axes are situated at crossings of 2/- and 
5/-symmetric planes as indicated in Fig. 1 (g). These 
latter symmetry axes, as well as 5/-symmctric planes, do 
not exist in the pattern (Fig. 1(f)) identified as decagonal 
(Fig. 1(h)). Here, a 10/-symmetry axis coincides with 
the sample normal, and only the radial 2/-symmetric 
Kikuchi bands crossing the 10/ axis persist. As EBSD 
arises from 200 to 500 A depth, the thickness of the sta- 
ble decagonal phase is at least of that order of magni- 
tude. Once the decagonal overlayer formed, the appear- 
ance of the icosahedral pattern (alone or superimposed 
to the decagonal pattern with lower contrast) indicates 
that some patches (<1%) of the surface are covered with 
a thinner decagonal overlayer or remain uncovered. In 
addition, this evidences the strong structural and orien- 
tational relationship between the icosahedral bulk and 
the decagonal overlayer. 
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FIG. 2. Room-temperature valence-band spectra display- 
ing the near Ep region, taken with monochromatized He-I ra- 
diation (hv = 21.2 eV), (a) of the crystalline surface with bcc 
domains (Als3Pd4iMn6; sputtered), (b) of the Mn-rich sta- 
ble decagonal quasicrystalline overlayer (AbePdnMnia; sput- 
tered and annealed at 650°C) and (c) of the bulk-terminated 
icosahedral quasicrystalline surface (Alg8Pd26Mn6; sputtered 
and annealed at 550° C). 



Figure 2 displays valence-band spectra taken at room 
temperature of the icosahedral bulk-terminated surface, 
of the stable decagonal overlayer and of a crystalline 
phase, obtained by sputtering the icosahedral surface. 
This latter 5/ surface consists of five bcc(113) domains 
rotated by 72° with respect to each other as seen with 
XPD [p~7J . The density of states remains high and linear 
over the complete range of energy and the Fermi edge 
is sharp, as expected from a metallic surface (Fig. 2a). 
In Fig. 2(c), the bulk-terminated icosahedral surface ex- 
hibits a completely different behaviour. A distinct de- 
crease of the density of states near Ep , interpreted as the 
opening of a pseudogap, is observed, as expected from a 
quasicrystalline surface fl |lq , [17|j2C|j35|l . Finally, the den- 
sity of states of the stable decagonal overlayer (Fig. 2 
(b)) is lowered close to Ep, as for the icosahedral qua- 
sicrystalline surface. However, the shape of the curve is 
slightly different, with a steeper Fermi cutoff. This is 
probably related to the fact that the decagonal surface 
is periodic in one dimension (along the surface normal) 
and that the quantity of Mn (Mn 3d states determine 
the spectral weight close to Ep fl35|] ) is doubled in the 
decagonal phase compared to the icosahedral and crys- 
talline bec phases. 

An important point to be discussed is how to ensure 
the quasicrystallinity of the surface. In previous work on 
i-Al-Pd-Mn 0,0 , we demonstrated that a combination 
of geometrical and electronic structure techniques can ef- 
ficiently characterize the quasicrystal surfaces. First, the 
ordering and the symmetry within differently prepared 
surfaces were probed with XPD and LEED. But note, 
that a 5/ pj or 10/ [Hp2l symmetry can also be due to 
a combination of domains and not only to the intrinsic 
quasicrystal symmetry. Second, a distinct suppression 
of spectral weight of the density of states close to Ep 
was observed on quasicrystalline terminated surfaces by 
UPS. Here, one has to be aware that a suppressed den- 
sity of states is also reported on a crystalline approximant 
of quasicrystal |12| . Whereas, even a slight disordering 
of the quasicrystal surface, induced by a one-minute ion 
sputtering, produces a sharp Fermi edge cutoff, charac- 
teristic of a metallic surface, with no apparent compo- 
sition changes pQ). So, a careful evaluation of the geo- 
metrical and electronic structure data, together with the 
composition, is essential to identify quasicrystallinity or, 
at least, to exclude crystallinity of the surface. 

In summary, this work presents for the first time the 
formation of an extended and ordered stable decagonal 
quasicrystalline overlayer on 5/ z-Al-Pd-Mn by sputter- 
ing and annealing at 650°C. This overlayer was char- 
acterized, at different scales, with three structure tech- 
niques, XPD, LEED and EBSD. We clearly identified 
the icosahedral and decagonal symmetries of the surfaces 
and evidenced the epitactic-like relationships between the 
decagonal overlayer and the icosahedral bulk. Further- 
more the decagonal overlayer exhibited a suppressed den- 



sity of states near Ep as seen with UPS , as expected 
for quasicrystals. The production of the two quasicrys- 
talline, decagonal and icosahedral, alloys of the same ele- 
mental Al-Pd-Mn family gives the unique opportunity to 
study and compare the properties of these two phases. 
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